Technology Readiness Levels (TRLs) have been used extensively from the 1970s, especially in the National Aeronautics and Space Administration (NASA). Their application was recommended by the General Accounting Office in 1999 to be used for major Department of Defense acquisition projects. Manufacturing Readiness Levels (MRLs) have been proposed for improving the way manufacturing risks and readiness are identified; they were introduced to the defense community in 2005, but have not been used as broadly as TRLs. Originally TRLs were used to assess the readiness of a single technology. With the emergence of more complex systems and system of systems, it has been increasingly recognized that TRLs have limitations, especially when considering integration of complex systems. Therefore, it is important to use TRLs in the correct context. Details on TRLs and MRLs are reported in this paper. More recent indices to establish a better understanding of the integrated readiness state of systems are presented. Newer readiness indices, System Readiness Levels (SRLs) and Integration Readiness Levels, are discussed and their limitations and advantages are presented, along with an example of computing SRLs. It is proposed that a modified SRL be considered that explicitly includes the MRLs and a modification of the TRLs to include the Integrated Technology Index (ITI) and/or the Advancement Degree of Difficulty index proposed by NASA. Finally, the use of indices to perform technology assessments are placed into the overall context of technology management, recognizing that factors to transition and manage technology include cost, schedule, manufacturability, integration readiness, and technology maturity.
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Introduction
Governmental acquisition and developmental projects have been faced with difficulties associated with insufficiently mature technology, lack of manufacturing maturity, and changing designs due in a large degree from changing requirements. The General Accounting Office (GAO) has issued reports addressing these issues (GAO 1999 (GAO , 2006 (GAO , 2008 . These difficulties are a direct outcome of increasing complexity in major acquisition projects. Complex systems are now being connected as a system of systems (SoS). Further, SoS integration is complex, having properties including "ambiguous boundaries, diverse stakeholders, fluid situations and requirements, ill-defined problems, dysfunctional barriers, sophisticated technology, and uncertain resources." (Brooks and Sage 2005/2006) 
Technology Assessment Techniques
As concluded by Azizian et al. (2009) , objective and robust techniques/tools are needed to assess technology maturity accurately to provide insight into risks that lead to cost overruns, schedule delays, and performance degradation. Numerous qualitative and quantitative assessment tools/techniques exist to assess technology maturity and readiness states. Two tools used in the CMF Project are the Technology Readiness Levels (TRLs) and the Manufacturing Readiness Levels (MRLs). However, it is important to note that there are many different tools/techniques to assess the maturity states of technology, manufacturing, and systems in general (see Table 1 ). In addition to these readiness indices, other readiness level indices (including those related to project readiness) that are commonly used include:
 Capability Readiness Levels  Human Readiness Levels  Integration Readiness Levels (IRLs)  Logistics Readiness Levels  System Readiness Levels (SRLs)  Operational Readiness Levels  Design Readiness Levels  Software Readiness Levels  Innovation Readiness Levels  Programmatic Readiness Levels The MRL is a 10-level scale used to define current level of manufacturing maturity, identify maturity shortfalls and associated risks, and provide the basis of manufacturing maturation and risk management (GAO 2010) .
The IRL is a 9-level scale intended to systematically measure the maturity, compatibility, and readiness of interfaces between various technologies and consistently compare interface maturity between multiple integration points. Further, it provides a means to reduce the uncertainty involved in maturing and integrating a technology into a system (Gove 2007) . TRL for Non-System Technologies Expansion of the TRL definitions to account for non-system technologies such as processes, methods, algorithms, and architectures (Graettinger et al. 2002 The TRRL is a 9-level scale describing the progress of technology transfer to a new application. It expands and modifies the TRL definitions to address the transfer to space technology into nonspace system (Holt 2007 in Azizian et al. 2009 ). Missile Defense Agency Checklist A tailored version of the TRL metric specifically in support of hardware maturity through the development life cycle of the product (Mahafza 2005) . Moorhouses Risk Versus TRL Metric A 9-level metric mapping risk progression analogous to technology maturity progression. The TRL descriptions are tailored specifically toward UAV (Moorehouse 2002 in Azizian et al. 2009 ). Advancement Degree of Difficulty (AD   2   ) Leveraging the concept of R&D 3 , the AD 2 augments TRLs by assessing the difficulty of advancing a technology from its current level to a desired level on a 9-tier scale (Bilbro 2002 (Bilbro , 2006 (Bilbro , 2007 The R&D 3 is a 5-level scale intended to supplement the TRL by conveying the degree of difficulty involved in proceeding from the current TRL state to desired level, with 5 being very difficult and 1 being least difficult to mature the technology (Mankins 2002) . Quantitative Maturity Assessment Techniques System Readiness Level (SRL)
The SRL is a normalized matrix of pair-wise comparisons of TRLs and IRLs of a system. It is a quantitative method providing insight into system maturity as a product of IRL x TRL (Sauser et al. 2006; 
The SRLmax is a quantitative mathematical model aiming to maximize the SRL under constraint resources. The objective of the SRLmax is the achievement of the highest possible SRL based on the availability of resources such as cost and schedule ). Technology Readiness and Risk Assessment (TRRA) TRRA is a quantitative risk model that incorporates TRLs, the degree of difficulty (R&D 3 ) of moving a technology from one TRL to another, and Technology Need Value (TNV). The TRRA expands the concept of the risk matrix by integrating "probability of failure" on the y-axis and "consequence of failure" on the x-axis (Mankins 2009 ITAM is a quantitative mathematical model that integrates various system metrics to calculate the cumulative maturity of a system based on the readiness of its constituent technologies. The system metrics include TRLs, ∆TRL, R&D Degree of Difficulty (R&D 3 ), and TNV (Mankins 2002) .
TRL for NonDevelopmental Item (NDI) Software A mathematical method to assess the maturity of Non-Developmental Item (NDI) software using orthogonal metrics in combination with a pair-wise comparison matrix to examine two equivalent technologies that are candidates for insertion into a system. Incorporates other attributes such as requirement satisfaction, environment fidelity, criticality, product availability, and product maturity (Smith 2004 ). Technology Insertion (TI) Metric TI involves the integration of various metrics that deal with insertion of technology and subsystems into a current system in order to develop an "enhanced system." The TI Metric is a high-level metric computed from sub-metrics or dimensions intended to evaluate the risk and feasibility of technology insertion from a subsystem and a system level (Dowling and Pardoe 2005) .
TRL Schedule Risk Curve
This is a quantitative model that does not communicate the maturity of technology at a certain point in time but instead leverages the TRL metric to identify the appropriate schedule margins associated with each TRL level in order to mitigate schedule slips (Dubos et al. 2007 ).
TRLs and TRAs
As indicated by Mankins (2002) , the term "technology readiness" originated within the National Aeronautics and Space Administration (NASA) in the 1960s. This term evolved into "technology readiness levels" (TRLs) in the 1970s.
A TRL is a metric that was initially pioneered by NASA Goddard Space Flight Center in the 1980s to assess readiness and risk of space technology. Mankins defined TRLs as follows: "Technology Readiness Levels (TRLs) are a systematic metric/measurement system that supports assessments of the maturity of a particular technology and the consistent comparison of maturity between different types of technology." (Mankins 1995) The overall TRL for a system should not be any higher than the lowest TRL component (Engle et al. 2009 ). Similar logic would also suggest that the TRL for a component should not be any higher than the lowest TRL technology associated with the component. Definitions of approaches incorporating TRLs are given below.
A Technology Readiness Assessment (TRA) is a "formal, systematic, metrics-based process and accompanying report that assesses the maturity of technologies called Critical Technology Elements (CTEs) to be used in systems. CTEs can be hardware or software." (DoD 2009) A Critical Technology Element (CTE) is "critical" "if the system being acquired depends on this technology element to meet operational requirements (within acceptable cost and schedule limits) and if the technology element or its application is either new or novel in an area that poses major technological risk during detailed design or demonstration." (DoD 2009) An Integrated Technology Index (ITI) is "a measure of the cumulative maturation that must be achieved for each technology, amplified by the anticipated difficulty of this maturation and the project importance of the technology of the system in which it will be used -and normalized by total number of technologies that have been documented." (Mankins 2002 ).
Benefits in using TRLs include:
 Provides an ontology by which stakeholders can evaluate component technologies (Sauser et al. 2010) ;  Provides for a component TRA;  Initiates a discussion among the stakeholders to consider other factors;  Provides a mechanism whereby the process can be easily repeated during development;  Is easy to understand and use; and  Conveys a great deal of information in a projects status and in its relative risk in the life cycle of the project.
Limitations in using TRLs include:
 Does not address uncertainty (and difficulty) in technology development and application and how to best coordinate research and development (R&D) with advanced systems concepts studies (Mankins 2002; Azizian et al. 2009 );  Provides a subjective assessment of maturity (Cornford and Sarsfield 2004) or lacks a standard guidelines for implementing (Mahafza 2005 and Graettinger et al. 2002 in Azizian et al. 2009 );  An assessment of many technologies can become very complex without the use of a systematic method of comparison (Michaud et al. 2008 );  Lacks focus on system-to-system integration as the TRLs focus on a particular element of technology (Cornford and Sarsfield, 2004; Smith 2004 );  Does not include many of the Department of Defense's (DoD's) system needs such as manufacturing, integration, transition and difficulty of advancing (Azizian et al. 2009; Michaud et al. 2008; ;  Focuses on hardware (when originally developed), not software (Cornford and Sarsfield 2004; Smith 2004 );  Not well integrated into cost and risk modeling tools (Cornford and Sarsfield, 2004) or does not give a complete picture of risk in integrating a technology into a system (Azizian et al. 2009 );  Lacks definition of terminology as terms are open to interpretation (Cornford and Sarsfield 2004; Minning et al. 2003) ;  Captures only a small part of the information that stakeholders need to support their decisions (Azizian et al. 2009 );  "Blurs" several aspects of technology and product readiness into a single number (Smith 2004) ; and  Does not account for product aging (Smith 2004 ).
In using the TRLs it is important to consider these benefits and limitations. It is also important to consider that TRL increments are not a linear scale, especially when considering cost and schedule. To illustrate this point Table 2 describes the cost associated with each TRL step. The cost to achieve to achieve TRL 2 is usually a very low "unique" cost compared to later investments. Typically, this investment cost is borne by advanced concepts studies or basic research programs. 3
Analytical and experimental critical function and/or characteristic proof-of-concept. The cost to achieve this level of maturation is relatively low, but unique to the technology involved; it is much less than the cost of achieving TRL 4 for the same technology. 4
Component and/or breadboard validation in laboratory environment.
Achieving TRL 4 usually involves a relatively low-to-moderate "unique" cost. This investment will be technology-specific, but will probably be several times greater than the investment required to achieve TRL 3 for the same technology. 5
Component and/or breadboard validation in relevant environment.
The cost to achieve this TRL is usually a moderate "unique" cost. The investment will be technology-dependent, but is likely to be several multiples of the cost to achieve TRL 4 for the same technology. 6 System/subsystem model or prototype demonstration in a relevant environment (ground or space).
The cost to achieve this TRL will be technology-and demonstration-specific; however, it will typically be a fraction of TRL 7 (see below) if on ground, and nearly the same if a demonstration in space is required. 7 System prototype demonstration in a space environment.
The cost to achieve this level would be specific to the details of the technology and demonstration to be implemented, but will be a significant fraction of the cost of achieving TRL 8. 8
Actual system completed and "flight qualified" through test and demonstration (ground or space).
The cost to achieve this TRL is mission-specific; it is typically the greatest unique cost for a new technology. The investment is roughly equivalent to that needed to achieve "Phase C/D" through TFU (theoretical first unit) for a demonstration system. 9
Actual system "flight proven" through successful mission operation.
The cost to achieve this level of technology maturation is mission-specific; it is typically less than the cost of TRL 8; it includes the cost of launch plus 30 days of mission operations.
To address some of the limitations associated with the original development of TRLs, Mankins (2002) introduced a new approach to strategic technology management. This approach was termed the Integrated Technology Analysis Methodology (ITAM). This methodology introduced a standard Integrated Technology Index (ITI)," which is intended to be a "disciplineneutral, quantitative measure of the relative technological challenge inherent in various candidate/competing advanced systems concepts." It makes possible the overall "technological challenge" associated with the system, including cost, schedule, and performance consideration across the system options. The ITAM includes four elements: The ITI is defined as:
The ITI can be characterized as the average TI values for all of the subsystem technologies for the new system. The Advancement Degree of Difficulty (AD 2 ) leverages the concept of R&D 3 proposed by Mankins (1998) . The determination that results from the AD 2 assessment is what is required to advance a technology from its current TRL to what is required to infuse it into the project/program with an acceptable level of risk (Bilbro 2007 and . As suggested by Bilbro, it takes into consideration: 
MRLs
As identified by Foden and Berends (2010) , "less attention is paid to management of manufacturing technologies, even though many organizations compete on the basis of their manufacturing capabilities." In a recent report, the GAO concluded that better manufacturing outcomes can be achieved by standardizing the way in which manufacturing risks are managed (GAO 2010) . The GAO has also characterized successful program as having (1) mature technologies, stable designs, and production processes in control and (2) ST&E organization responsible for maturing technologies, rather than the program or product development manager (Morgan 2008) .
For the NNSA production complex, because of the nature of nuclear weapons, many of the products, and their associated manufacturing critical processes, are unique and should adhere to industry standards and best manufacturing practices, where applicable, and should be "repeatable, sustainable, and consistently producing parts within the quality standards set." (GAO 2010) A tool to assess the maturity of a technology's associated manufacturing processes is termed the MRL. 
for manufacturing readiness as Technology Readiness Levels serve for technology readiness -to provide a common metric and vocabulary for assessing and discussing manufacturing maturity, risk and readiness. MRLs were designed with a numbering system to be roughly congruent with comparable levels of TRLs for synergy and ease of understanding and use." (From Wikipedia)
MRLs are proposed as the standardized way/criteria to be used for improving manufacturing risks and readiness and subsequently contributing to achieving successful programs. The definitions of MRLs are given in Table 3 . They are structured into five categories:
1. MRL 1-3, Pre-Concept Development (Invention Stage) 2. MRL 4, Concept Development 3. MRL 5-6, Technology Development 4. MRL 7-8, Engineering and Manufacturing Development 5. MRL 9-10, Production and Deployment.
MRLs have been recognized (Morgan 2008) as providing a common language and standard to (1) assess the manufacturing maturity of a technology or product for its future maturation and (2) understand the level of manufacturing risk. While the implementation of MRLs has the potential for the DoD to achieve savings and efficiencies, they have not been adopted DoD wide and their usage is being met with resistance similar to that experienced by the TRLs when first introduced (GAO 2010).
IRLs
Integration Readiness Level is a metric that is to be used to evaluate the integration readiness of any two TRL-assessed technologies (Sauser et al. 2010 ).
In the development of the IRL (Sauser et al. 2006a) , it is important to consider physical properties of integration such as interfaces or standards but also interaction, compatibility reliability, quality performance, and common ontology when the two pieces are integrated.
As summarized by Sauser et al. (2010) , its strengths include:
 It is based on open, widely accepted standards (ISO/OSI).
 Technology readiness is included in the overall assessment.  Subjective assessment is made on technical data (however, this can also be considered a weakness).
Its weaknesses include:
 Requires a Work Breakdown Structure (WBS)/System architecture to be complete and accurate before the assessment.  Requires a TRL assessment before the IRL assessment.  Lacks the ability to assess criticality and R&D effort.  Requires a more quantitative algorithm to reduce integrations into a single assessment for complex, net-centric systems.  Does not evaluate cost and schedule. Sauser et al. (2010) translated the limitation of TRLs into requirements for an Integration Maturity Metric (IMM). These requirements were:
(1) "IMM shall provide an integration specific metric... (2) IMM shall provide a means to reduce the risk when integrating and maturing a technology into a system… (3) IMM shall provide the ability to consider meeting of system requirements in the integration assessment… (4) IMM shall provide a common platform for both new system development and technology insertion…"
These requirements were contrasted to other integration metrics including Mankins' ITI, the Service Interoperability Assessment Model (Fang et al. 2004) , the four-level scale (Nilsson et al. 1990) , and the IMM. It was concluded, in part, that ITI was able to factor in R&D effort and technology criticality into the assessment and it may be "that a hybrid metric that uses IRL and ITI is the solution to this situation."
SRLs
A systems approach to expanding the TRL concept has been discussed elsewhere, e.g. Sauser et al. (2006b and Magnaye et al. (2009 (Tetlay and John, 2009 ).
SRLs provide the following 'benefits' / implications on defense acquisitions as captured by .
 Can be used as a "trade-study tool to select the most appropriate technologies and integrations to obtain the lowest amount of risk.";  The SRL model can "improve customer confidence…by providing qualification of system maturity…to system functionality";  Provides "insight into the interdependencies of different subfunctions" and their relationship to the larger architecture.  Provides for a fast, iterative, and repeated assessment allowing for system understanding and (re) formation;  Allows for other factors as measures of maturity such as obsolescing and optimization of technology investment;  Provides for a common ontology; and,  The IRL portion of the approach reduces the uncertainty associated with integrating a technology into the system.
Additional benefits, as captured by the UK MoD (2010) include:
 A common language (ontology) for technology planning, business cases, and stakeholder communications;  Improvements in project planning by addressing all system discipline needs;  Information for system maturity assurance; and  An established auditable statement of maturity.
A key limitation to the SRL approach is that: the SRL for one system cannot be compared to the SRL of another system unless they are the same system. "Likewise, the SRL can be effective for assessing the progressive maturity of the system of interest, but it is questionable to compare the maturity progression of two systems against each other because of other inherent factors related to the context in which the system is being developed." 
Application of the SRLs
To compensate for some of the shortcomings of using the TRLs, an approach has been developed around the concept of SRLs. Mathematically, they are defined as: 
Technology Management As A Whole
Organizations, in order to manage their technology development portfolio, should employ an integrated framework to ensure timely technology investment decisions and capability development (Foden and Berends 2010) . As in any organization, the need for the technology must satisfy the business needs and product requirements (i.e., technology pull). A technology management framework can be structured in several stages. This framework is replicated here as Table 3 illustrates the breadth of tools used in the technology framework used at Rolls-Royce.
Technology maturation assessment is only a part of the overall framework, which includes additional tools such as Technology Watch, Technology Roadmapping, Technology Make-Buy, and Technology Risk Management. 
3
Analytical and experimental critical function and/or characteristic proof of concept.
Manufacturing proof-of-concept developed.
There is compatibility between technologies to orderly and efficiently integrate and interact.
4
Capability to produce the technology in a laboratory environment. There is sufficient detail in the quality and assurance of the integration between technologies.
5
Capability to produce prototype components in a production relevant environment. There is sufficient control between technologies necessary to establish, manage, and terminate the integration. Capability to produce a prototype system or subsystem in a production relevant environment. The integrating technologies can accept, translate, and structure information for its intended application.
7
System prototype demonstration in relevant environment.
Capability to produce systems, subsystems, or components in a production representative environment (MRL 7). The integration of technologies has been verified and validated with sufficient detail to be actionable. 
8
Actual system completed and qualified through test and demonstration.
Low-rate production demonstrated; capability in place to begin full-rate production (MRL 9).
Actual integration completed and mission qualified through test and demonstration in the system environment.
9
Actual system proven through successful mission operations.
Full-rate production demonstrated and lean production practices in place (MRL 10).
Integration is mission proven through successful mission operations. Details on TRLs and MRLs have been presented in this report. Recognizing that there are limitations in using TRLs, other approaches have been proposed to address some of these limitations. Most notably, the System Readiness Levels (SRLs) approach, which incorporates Integration Readiness Levels (IRLs), has been proposed, specifically to address limitations when integrating system elements, given the presumption that most systems fail at the integration point. Details on both readiness levels are presented in this report. In addition, a simplified example is presented in this report on how to apply the SRL approach. The approach was modeled after papers from Stevens Institute of Technology.
It is proposed that a modified SRL be considered that explicitly includes the MRLs and a modification of the TRLs to include the Integrated Technology Index and/or the Advanced Degree of Difficulty (AD 2 ) index proposed by NASA. It is also important to note that using technology readiness assessments is only one tool to manage technology within an organization. Other common tools include technology roadmapping, technology watches, and technology risk management. Key factors to transition and manage technology include cost, schedule, manufacturability, integration readiness, and technology maturity.
It is assumed in this example that the IRL values between technologies within a component are relatively mature, and the IRLs for technologies between components are much lower, i.e., MRL=3. For the majority of the components the MRLs are assumed to be low, i.e., MRL=3.
The matrix formulas used to compute the individual System Readiness Levels (SRLs) and the composite, system SRL are given below.
The component SRL matrix is the product of the TRL and the IRL matrices
where "m i " is the number of integrations of technology "i" with itself and all technologies, and The results are summarized in Table A -2. 
